Human antibodies of the IgG2 subclass exhibit complex inter-chain disulfide bonding patterns that result in three structures, namely A, A/B, and B. In therapeutic applications, the distribution of disulfide isoforms is a critical product quality attribute because each configuration affects higher order structure, stability, isoelectric point, and antigen binding. The current standard for quantification of IgG2 disulfide isoform distribution is based on chromatographic or electrophoretic techniques that require additional characterization using mass spectrometry (MS)-based methods to confirm disulfide linkages. Detailed characterization of the IgG2 disulfide linkages often involve MS/MS approaches that include electrospray ionization or electron-transfer dissociation, and method optimization is often cumbersome due to the large size and heterogeneity of the disulfide-bonded peptides. As reported here, we developed a rapid LC-MALDI-TOF/TOF workflow that can both identify the IgG2 disulfide linkages and provide a semiquantitative assessment of the distribution of the disulfide isoforms. We established signature disulfidebonded IgG2 hinge peptides that correspond to the A, A/B, and B disulfide isoforms and can be applied to the fast classification of IgG2 isoforms in heterogeneous mixtures.
Introduction
Biotherapeutics based on IgGs are the fastest growing class of human therapeutics. Over 60 IgG monoclonal antibodies (mAbs) have been granted approvals for commercialization in the US or EU as of February 2018, and numerous IgGbased formats, such as bispecifics and antibody-drug conjugates, are currently being developed. 1, 2 While the IgG1 subclass is the most prevalent, the IgG2 and IgG4 subclasses comprise approximately 20% of all molecules in clinical development. 1, 3 Structurally, IgGs are tetrameric glycoproteins composed of two heavy chains (HC) and two light chains (LC) bridged by inter-chain disulfide bonds (4 for IgG1 and IgG4; 6 for IgG2). 4 The four IgG subclasses (IgG1, IgG2, IgG3, and IgG4) differ structurally with respect to their conserved amino acid sequences, the length of the core hinge region, and the number and configurations of inter-chain disulfide bonds. 5, 6 The HC and LC are linked by one disulfide bond, and the HCs are linked by two (for IgG1 and IgG4) or four (for IgG2) disulfide bonds located in the hinge region. The inter-chain disulfide bond configuration and non-covalent inter-domain interactions modulate the higher-order structures of each IgG subclass. [7] [8] [9] [10] IgG2 mAbs produced using standard large-scale bioprocessing conditions are composed of a mixture of three co-purifying inter-chain disulfide isoforms, namely A, A/B, and B ( Figure 1) . [11] [12] [13] The inter-chain disulfides of the A isoform are configured in the classical IgG arrangement, where the LC-HC disulfide is found in the same antigen-binding fragment (Fab) region and the four hinge cysteines are bonded in a parallel fashion with the same residue of the opposite HC. The A isoform is furthermore subcategorized as the A1 and A2 forms, which have identical disulfide configurations but the A2 form has one hinge disulfide that is resistant to reduction. 14 The disulfide configuration of the B isoform connects the C H 1 inter-chain cysteine of one HC to a hinge inter-chain cysteine of the opposite HC and the LC to a hinge cysteine of the proximal HC. The A/B isoform is a hybrid structure that has one Fab arm in the A configuration and the other Fab arm in the B configuration. Although the isoforms only differ in the arrangement of the inter-chain disulfide bonds, each disulfide pattern alters the higher-order structure of the mAb, thereby affecting thermal stability, binding efficiency, surface hydrophobicity, isoelectric point, and possibly influencing developability. [15] [16] [17] [18] [19] For example, A-isoform enriched panitumumab and denosumab demonstrated higher apparent affinity to the human IgG Fc receptorlike 5 (FCRL5) compared to the B isoform. 20 Disulfide isoform distribution may also affect the conjugation profile of cysteinelinked antibody-drug conjugates. 21 Disulfide mapping and quantitative evaluation of disulfide variants is a core component of product quality attribute assessments, as disulfide variants in IgGs may result in differences in drug substance stability and functional activity. 17, 20, [22] [23] [24] [25] [26] The flexible and solvent-accessible hinge region is particularly crucial, as it tends to be labile to reduction and oxidation that can lead to disulfide scrambling or trisulfide formation. 15, 17, 19, [27] [28] [29] [30] Several mass spectrometry (MS)/MS approaches for characterizing disulfide linkages have been described using collision-induced dissociation (CID), electron-transfer dissociation (ETD), or electroncapture dissociation (ECD). [11] [12] [13] 29, [31] [32] [33] [34] [35] These approaches often require multiple analysis, comparison of reduced and nonreduced peptide maps, interpretation of complex data sets, or large sample consumption. Electrospray ionization MS/MS characterization of IgG2 hinge disulfides can also be difficult due to the large size of hinge peptides (5 -10 kDa, depending on disulfide configuration and number of missed cleavages) that generate lowintensity, multiply charged peak clusters that complicate the deconvolution of the MS/MS spectra. 11, 12, 32 Quantification of IgG2 disulfide isoforms requires a separate reverse-phase chromatography or charge distribution analysis of the intact protein. 11, 12 The advantage of using matrix-assisted laser desorption/ionization (MALDI)-MS/MS for IgG2 disulfide-bonded (DSB) peptide analysis is the predominance of singly-charged ions in the MALDI spectra, which considerably simplifies data analysis and renders it compatible with both semi-quantitative output and automation from a single LC-MS/MS analysis. [36] [37] [38] MALDI in-source decay (MALDI-ISD) is a fragmentation process that is spontaneously caused by ion-molecule reactions during desorption/ionization in the MALDI plume. [39] [40] [41] Takayama et al. 42 described this mechanism as a hydrogen radical transfer from the matrix to the peptide bond carbonyl group, followed by radical ion rearrangements that predominantly yield c-and z + 2 ions. Based on this concept, MALDI-ISD has been used for protein and peptide sequencing, disulfide bond identification, localization of post-translation modifications (PTMs), and de novo sequencing of a 13.6 kDa protein. [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] Identification of DSB peptides via MALDI-ISD follows the triplet rule, as described previously and shown in Figure 2 . 26, 37 Briefly, partial reduction in the ion source results in the detection of two reduced peptides (P 1 -SH and P 2 -SH) in addition to the original DSB peptide (P 1 -S-S-P 2 ). The m/z of the DSB peptide is therefore the sum of the m/z values of P 1 -SH and P 2 -SH, minus the molecular weight of (H 2 + H) + ( Figure 2) . Fragmentation of the reduced peptides is performed via CID, and the identity of the DSB peptide is matched to the expected peptides derived from in silico digestion of a provided sequence or by a search engine such as Mascot. Validated DSB peptides detected above a user-defined threshold are tabulated in the Bruker DisulfideDetect software and quantified based on the precursor and ISD-fragment peak intensities. The validation step drastically reduces the number of false-positive triplets, and thus yields a reliable representation of the disulfide structure of a protein. Here, we explore the application of MALDI-ISD-CID for the identification and semi-quantitation of DSB peptides that pertain to each IgG2 disulfide isoform in heterogeneous samples. We discuss the manual identification and validation of signature hinge peptides that correspond to each disulfide isoform, which can be applied for future automated analysis of IgG2 disulfide isoform distribution. Combining both qualitative and quantitative analyses into a single run with software-led data interpretation can greatly improve the throughput of disulfide characterization at various stages of biotherapeutic development.
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Results
Automated assignment of singly disulfide-bonded peptides of adalimumab with native or scrambled disulfides
The automated DSB peptide analysis workflow was initially established using an IgG1 mAb (adalimumab) in both intact and heat-stressed conditions. Disulfide-bonded peptides composed of two asymmetric peptides linked by a single disulfide bond and meeting the triplet rule criteria were automatically identified and quantified by the DisulfideDetect software; the output is displayed in a disulfide connectivity map (Figure 3 The DSB connectivity maps provide a simple and holistic visualization of the potential disulfide scrambling "hot spots" for every cysteine in the antibody. The detected DSBs of the non-stressed IgG1 were all native, as expected. Heat stress at 70°C induced disulfide bond scrambling at nearly all cysteine residues, with the exception of HC204 and HC429. The connection between LC and HC (LC214-HC224) was no longer detectable after heat stress (no blue bubble present in Figure 3B ) and several alternative bonds were instead detected at LC214. Other scrambling hotspots were detected at LC23, LC88, and HC148, which are all located in the Fab region.
The quantitative measure displayed in the histogram in Figure 3C was calculated as the relative percentage of the total peak intensities of all disulfide bonds from each cysteine. The intensity (I) of a DSB-peptide was calculated as the sum of intensities of the peak triplet I P1 , I P2 , and I DSB-Peptide ( Figure 2 ). For each cysteine residue C x , the software calculates both the sum of intensities of the all DSB-peptides (Σ I x ), as well as those containing the native bond (Σ I Nx ). The degree of scrambling (S x ) of disulfide bonds involving C x was calculated as shown in Equation 1. Thus, S x is a specific determination of the degree of scrambling for C x , and the two cysteine residues that define a disulfide bond, C x and C y , may result in different determinations of S x and S y . The accuracy achievable from LC-MALDI datasets was estimated at ± 25-30% for label-free quantitation of peptides.
57,58
S x ¼ 1 À P I Nx ð Þ P I x (1)
Automatic assessment of the DSBs of the IgG2 isoforms
The first step in our analysis of the IgG2 A, B and A/B disulfide isoforms was the automatic software-based assessment of the disulfide organization using the canonical disulfide configuration as the template for the intra-chain and LC-HC inter-chain disulfide bonds. Both the canonical and noncanonical DSB-peptides composed of a single disulfide crosslink were detected via automated analysis ( Figure 4 ). The DSB connectivity map obtained for each of the IgG2 disulfide isoform fractions showed significant differences in the DSB organization of the isoforms, as expected. For example, the LC212-HC129 bond was detected only in the A and A/B forms using this method, which is consistent with previous reports about the LC-HC connectivity in these isoforms.
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Most native intra-chain and inter-chain disulfide bonds (12 total for an IgG2) were detected in all isoforms. However, the intra-chain HC22-HC96 could not be detected in neither the A nor the B isoforms, suggesting possible trypsin missed cleavage at this site or low ionization of this particular DSB peptide. The LC-HC DSB peptide in the B configuration could not be detected in the automatic assessment, as this peptide is part of the multiply-crosslinked hinge peptide. In addition to the native disulfide bonds, scrambled disulfides and scrambling hot spots were also detected and quantified automatically by the software ( Figure 5 ). Higher abundance of scrambling was observed in the A isoform, which elutes later than the B and A/B isoforms in the RP-UHPLC method used for separation of disulfide isoforms ( Figure 6 ). The amount of scrambling in the A isoform is consistent with its longer exposure to the 82°C column temperature used during fraction collection. The small size of the blue bubbles in the disulfide map of the A and A/B isoforms indicate that molecules containing scrambled inter- Disulfide connectivity maps from a native IgG1 before (A) and after heat-stress (B), and residue-specific degree of disulfide scrambling observed in the heatstressed IgG1 mAb (C). Native DSBs are represented by blue lines, and scrambled disulfides by red lines. In the heat-stressed sample (B), the DSB that links the LC and HC was subject to extensive scrambling and the native bond was no longer detectable. The degree of scrambling of cysteine residues in the heat-stressed adalimumab is shown in the histogram (C). Degree of scrambling varied significantly across the DSBs upon heat treatment: from 100% scrambling at the LC214 cysteine to virtually absent scrambling at HC429. The cysteines involved are coded by their residue number in the light or heavy chain, e.g., HC22 refers to the cysteine at residue 22 of the adalimumab HC.
chain disulfides were present in minute amounts relative to the native configurations. The histogram in Figure 5 shows that HC129 and HC142 were involved in scrambling in all 3 isoforms, whereas LC212 scrambling was detected only in the A isoform. The lack of scrambled disulfides involving LC212 in the A/B and B isoforms is likely due to the limitation of the automated software detection of multiply cross-linked peptides. Taken together, the obtained linkage maps alone showed significant differences between the IgG2 isoforms, but they did not allow identification of the isoform-specific hinge peptide structures.
Identification of IgG2-A isoform signature DSB peptides
In the IgG2-A isoform, the LC212 residue is connected to HC129 in the C H 1 region, in contrast to HC224 in the C H 2 region as is the case in IgG1s. The MS/MS spectrum of the respective tryptic dipeptide LC212b-HC129 with m/z 2039.943 is shown in Figure 7 . The quartet of fragment ions generated by the CID fragmentation of the HC peptide GPSVFPLAPCSR yielded ions with m/z of 1196. . The corresponding fragment ion quartet was also detected for the LC peptide with one missed cleavage, SFNRGEC (812.3 Da), albeit at lower intensity than the HC peptide fragments. In addition, sequence-specific b-and y-ions from both peptides were detected. Sequence fragmentation and the presence of the fragment ion quartet were also manually verified for the MS/MS spectra in cases of a lowerscoring DSB triplet.
The predicted hinge peptide structure for the A isoform is a symmetrical DSB peptide spanning residues HC217 -HC224 of m/z 5351.562. The tryptic peptide sequence of the A isoform hinge is CCVEC PPCPA PPVAG PSVFL FPPKP K with all four Cys residues disulfide-bonded to the opposite HC peptide (Figure 8 ). The fragment ions in the MS/MS spectrum covered the peptide sequence across residues PA PPVAG PSVFL FPPKP (residues 9 -26). Since the presence of multiple disulfide bonds prevents efficient fragmentation in MS/MS analyses across the disulfide crosslinked sequences, the full sequence of the hinge peptide is not covered by MS/MS fragments. 59, 60 However, the presence of MS/MS fragments such as the b 8 -b 25 and y 5 -y 21 ions are consistent with the expected MS/MS fragmentation pattern of the hinge peptide ( Figure 8A ).
In summary, the m/z 5351.5 peptide detected via MALDI-MS can be assigned as a signature for the A isoform (HC217-224) 2 DSB hinge peptide. The extracted ion chromatogram at 5352 m/z showed the predominance of this peptide in the A isoform LC-MALDI heat map, and only minor amounts in the A/B and B isoforms. The presence of the A isoform hinge peptides in the A/B and B digests can be attributed to minor cross-contamination during LC fractionation due to the lack of baseline resolution of the isoforms ( Figure 6 ).
Identification of the IgG2-A/B isoform signature hinge peptide
The asymmetric hinge peptide with cysteines LC212a, HC216, HC129, and (HC217-224) 2 with m/z 6886.253 is specific to the A/B isoform. This DSB peptide is composed of the 2 hinge peptides linked via three disulfide bonds at HC217-224, and . RP-UHPLC separation of the IgG2 A, A/B, and B isoforms. This LC method was used to collect the disulfide isoform fractions for tryptic digestion, and the lack of baseline resolution of the peaks results in some expected crosscontamination from neighboring species. Peaks were assigned based on previous publications.
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the HC216 residue is connected to either LC212a or to HC129 (Figure 9 ). The MH + ion was observed as m/z 6886.23, which is in agreement with the proposed structure with a −3.4 ppm error. The HC peptide sequences involved were identified in the MS/MS spectrum with high confidence, with 100% sequence coverage for the 12mer peptide containing the C H 1 HC129 residue, and 89% coverage for the two hinge HC217-224 peptides. Similar to the results observed for the A hinge sequence, the A/B hinge peptide sequence was confirmed by b 5 -b 25 and y 2 -y 18 . The LC tripeptide with no missed cleavages (denoted as LC212a) with sequence GEC was not directly observed with fragment ions in the MS/MS spectrum, but its presence was inferred by detection of the peak quartets at m/z 5658.65 corresponding to [(HC217-224) 2 , LC212a] and m/z 1230.60 corresponding to HC129a, which add up to the expected mass of the A/B hinge DSB peptide.
Interrogation of the LC-MALDI heat map for the m/z 6886.253 peptide [LC212a,HC129,(HC217-224) 2 ] was detected in preparations from all three isoforms, with the highest abundance detected in the A/B MALDI preparation. This cross- contamination of the A/B hinge peptide was expected as the A/ B peak eluted in between the A-and B-form peaks in the LC fractionation ( Figure 6 ). The relative amounts of A/B hinge observed in the A and B isoform MALDI preparations (data not shown) agree with the tailing peak shapes of the RP-UHPLC elution profiles.
Identification of IgG2-B isoform signature hinge peptides
The IgG2-B hinge peptide has a symmetrical structure involving residues LC212a, HC129a, and HC217-224, and has an expected m/z 8420.944: (LC212a,HC129a,HC217-224) 2 . The DSB peptide linkage pattern of the B isoform shows the LC212 bonded to HC218, and HC129 bonded to HC217 (Figure 10 ). Large peptides and proteins prepared in hot matrices such as α-cyano-4-hydroxycinnaminic acid (HCCA) suffer extensive metastable fragmentation in reflector mode MALDI spectra, which complicates further analysis. 48, 61 This effect was not significant in the 5 -6 kDa range, but prevented the analysis of 8 -9 kDa hinge peptides. The B isoform digests were therefore crystallized in super DHB (sDHB) matrix instead of HCCA to reduce the effect of metastable fragmentation on the molecular ion. As sDHB is also compatible with the analysis of the 5 -6 kDa hinge peptides, future experiments can be directly set up in this matrix. Complex peptide structures consisting of multiple peptides connected by multiple disulfide bonds, as in the case of B-isoform hinge peptides, typically do not generate sufficient peptide backbone fragmentation for their unequivocal identification by MS/MS. Assignment of the observed m/z value to the corresponding structure was accomplished together with the peak quartet at m/z 1196.47 and m/z 7192.59 ( Figure 11 ). The quartet fragment pattern in Figure 11 composed of the peaks at m/z 1196.5, 1230.6, and 1262.6 corresponds to the HC peptide GPSVFPLAPCSR (HC129a). The peak quartet at m/z 7192.59 corresponds to the loss of the HC129a 12mer peptide from the B-form hinge peptide (theoretical m/z 7191.321), which either results from a reductive ISD product or reduced cysteines that were already present prior to enzymatic digestion. Additionally, the peak quartet at m/z 4211.34 matches the peptide (LC212a, HC129a,HC217-224), which is the symmetrically cleaved hinge peptide (theoretical m/z 4211.984). Detection of the m/z 4211.34 peak indicates that one of the two hinge disulfides at the C-terminus may have been present in reduced form prior to enzymatic digestion, allowing ISD reduction of the only other remaining disulfide connecting the two hinge peptides. IgG2 mAbs have been reported to contain higher amounts of free thiol in comparison to IgG1s, 62, 63 and it is possible that the B isoform contributes greatly to the reported values due to the conformational strain imparted by the crossed-disulfide configuration. The m/z 2957.08 corresponds to the (LC212a,HC129a, HC217-224) peptide with a truncated HC217-224 after Gly-15 prior to the subsequence Pro-16 residue, representing a proline cleavage product of the symmetrically cleaved hinge peptide.
Altogether, the hinge peptide fraction of the B isoform in the LC-MALDI dataset contained over 40 peptides, spanning retention times from 55.2 -56.5 minutes and a mass range of 5 -10 kDa. Further analysis determined that this fraction contained a heterogeneous mixture of DSB-peptides pertaining to the A, A/B, and B hinge peptide structures (Figure 12 ). The heterogeneity was expected, and the B and A/B isoforms partially co-elute in the RP-UHPLC fractionation method, several of which were confirmed by MS/MS (not shown). Most of the peaks detected in this LC-MALDI data subset were determined to be peptides containing missed cleavages or losses of singly-disulfide bonded fragments. This structural heterogeneity made the initial determination of disulfide connectivity time consuming, but the established list of signature DSB-peptide structures and molecular weights (MWs) will significantly facilitate further work, as MS/MS data interpretation may be required only sporadically.
Catalog of IgG2 disulfide isoform signature DSBpeptides
All the peptides verified by their MS and MS/MS spectra are summarized in Table 1 . The set of m/z values below can be added to software databases as a template for future automatic detection of each IgG2 disulfide isoform. High sequence conservation near the inter-chain cysteines, regardless of allotype, implies that this collection of signature peptides is widely applicable to other human IgG2s. 5, 6 The peptides described here do not support discernment between different crosslinking configurations of nearby cysteines (i.e., canonical vs. scrambled hinge disulfides). For example, disulfide bond variants within the lower hinge region of the native B isoform reported elsewhere would not be differentiated using this method.
32 Figure 11 . MS/MS spectrum of the IgG2-B hinge peptide (m/z 8420.944) with matching peak quartet identification and corresponding sequences.
Discussion
We developed an approach to characterize IgG2 disulfide bonds using a single trypsin/Lys-C digestion under acidic conditions and in the presence of N-ethylmaleimide (NEM) to prevent artifactual disulfide scrambling, thus eliminating the need for separate reduced and nonreduced peptide maps that are commonly employed for disulfide mapping of proteins. 12, 24, 64, 65 The LC-MALDI-TOF/TOF approach described here uses the Bruker DisulfideDetect software to automatically output semiquantitative maps of the singly disulfide-bonded peptides within a single analysis. This method takes advantage of the partial reductive fragmentation of peptides at the disulfide bond by in-source decay in the MALDI source. Resulting MALDI-MS spectra thus contain both kinds of peaks, the peptide chain's MH + reduced by ISD, as well as the disulfide bonded peptide (DSB-peptide) precursor ion, which are all subsequently fragmented by MS/MS in the TOF/TOF ion optics. 53 The reduced peptides are directly identified by in-sequence search of the target protein, and the disulfide bond connectivity is assigned based on the triplet rule with the prerequisite that both reduced and DSB-bonded peptides coelute in the LC. False-positives are minimized in the qualified candidates list, as peptide sequences that do not contain cysteine residues are automatically filtered out. Prediction of DSB-peptide m/z values is not necessary in this approach due to the specificity of sequence searches using the MALDI-MS/MS spectra. This method was established using both intact and heat-stressed adalimumab (IgG1), demonstrating both the software-led disulfide bond assignment and that disulfide scrambling did not occur during peptide preparation. Complex scrambling events due to heat stress as low as 1% were detectable using this approach. Peaks from peptides containing two or more disulfide bonds are contained in the same dataset but cannot be automatically identified by the software. Partial reductive cyanylation was previously described to circumvent this limitation, 37 however, we performed manual identification of the multiply cross-linked peptides in order to avoid unwanted chemical modifications. The manual MS/MS data analysis was greatly simplified by the predominance of singly-charged precursor ions in the MALDI spectra, and we identified a list of IgG2 disulfide isoform-specific peptides that will be useful for future IgG2 disulfide isoform assessments. Identification of peptides containing multiple disulfides is based on sequencespecific fragmentation and the typical DSB-related fragment ion quartet composed of [ peptides and their interpretation have not been previously reported. LC-MALDI-MS/MS can provide a rapid assessment of the disulfide connectivity in mAbs from a single dataset, without a priori assumptions about the expected disulfide bonds. Relative distributions of the native, scrambled, and partially-reduced isoforms were all demonstrated here using both IgG1 and IgG2 subclasses. Our method consumes relatively low sample amounts (1-2 µg) because ISD fragmentation of disulfide bonds efficiently yields reduced peptides together with the DSB-peptide precursor ion. The approach we presented can also serve as an orthogonal verification to the IgG2 disulfide isoform distribution determined via traditional LC methods. The high level of automation in this workflow also makes it a suitable approach in early development stages. By minimizing the need for tedious manual data analysis, the workflow described here has the potential to become an indispensable tool for both detailed characterization and highthroughput analyses.
Materials and methods
Materials
Fully human IgG2κ mAb was manufactured at Agensys, Inc. using in-house protocols and stored as a frozen, formulated bulk at 25 mg/mL in acetate/sucrose, pH 5.2 buffer. The antibody was produced in Chinese hamster ovary cells and purified using procedures established in-house at Agensys, Inc. The IgG1 adalimumab (Humira®, Abbvie) was purchased in its medication form (local pharmacy) in a concentration of 50 mg/mL, and used in the original injection formulation. The IgG1 with scrambled disulfides were generated by incubating adalimumab in its original buffer at 70°C for 30 min.
Pepsin, guanidine-HCl, HPLC-grade acetonitrile, sodium phosphate dibasic and monobasic were purchased from MilliporeSigma. HPLC-grade NEM and trifluoroacetic acid (TFA) were obtained from Merck. The MALDI matrices HCCA and sDHB were obtained from Bruker Daltonik.
Chromatographic fractionation of IgG2 disulfide isoforms
Collection of IgG2 disulfide isoforms utilized a Thermo Scientific Ultimate 3000RS UHPLC equipped with an AFC-3000 fraction collector. The starting material containing a mixture of 22% A, 33% A/B, and 45% B isoforms was fractionated using an Agilent Technologies Zorbax RRHD 300SB-C8, 2.1 mm ID x 50 mm L column with a 1.8 µm particle size and 300 Å pore size. The LC conditions were as follows: mobile phase A (MPA) composed of 0.1% TFA, 2% isopropyl alcohol (IPA) in water and mobile phase B (MPB) composed of 0.1% TFA, 25% CH 3 CN in IPA were flowed through the 82°C column at 0.4 mL/min. The gradient delivered 25.0% -27.5% MPB over 6 minutes, followed by 27.5% -28.0% MPB over 1 minute, and finally 28.0% -30.0% MPB over 1 minute. Fraction collection was programed by time based on the elution time and peak width of each disulfide isoform.
Trypsin/Lys-C digestion under non-reducing conditions
The adalimumab and IgG2 mAb fractions (~50 µg each) were denatured and free thiol groups alkylated via incubation for 3 h at 37°C in 5.8 M guanidine-HCl and 7 mM NEM. The samples were purified and buffer exchanged using Amicon Ultra-0.5 centrifugal filters with 10 kDa MWCO (MilliporeSigma). Denatured and alkylated samples were digested overnight at 37°C with Mass Spec Grade Trypsin/Lys-C mix (Promega), at an enzyme-to-substrate ratio of 1:10 in the presence of 0.175 mM NEM in a 50 mM sodium phosphate buffer, pH 5.8.
LC separation of digested peptides
The digested mAb (~2 µg) was separated by RP-nanoLC (Ultimate 3000 RSLCnano LC system, Thermo Scientific). A Thermo Scientific Acclaim PepMap RSLC C 18 column (15 cm x 300 µm, 2 µm particle size, 100 Å pore size) was equilibrated with 98% MPA (water with 0.1% TFA) and 2% MPB (0.1% TFA in CH 3 CN) flowing at 4 µL/min. A gradient from 2% to 45% B over 30 min was applied to separate the digest.
Fifteen second fractions were collected by the PROTEINEER fc II LC-MALDI fraction collector (Bruker) on MTP AnchorChip sample plates (Bruker) with hydrophilic anchors as follows. In a first screening experiment for the detection of all DSB-peptides containing one SS-bond (therefore, not the hinge peptides), fractions were spotted on 800 µm anchors with a sheath flow of 0.5 µL per spot of a prepared HCCA solution consisting of 36 µL saturated HCCA (in 90% CH 3 CN/10% water) mixed with 748 µL of 85% acetonitrile/15% water, 8 µL of 1 mM ammonium phosphate, and 8 µL of 10% TFA in water. Calibrant spots were prepared with a mixture of synthetic peptides (peptide calibration standard II, Bruker) plus bovine Insulin, (Sigma) and matrix to cover a calibration range from 700 to 7000 Da, allowing for external calibration with < 10 ppm mass accuracy.
For the detection of hinge peptides greater than 7 kDa, the fractions were spotted on the 2 mm anchors of a MTP BigAnchor 384 target (Bruker) and 0.5 µL of sDHB matrix solution consisting of 50 mg sDHB (Bruker) dissolved in 0.1% TFA in 50% water/50% CH 3 CN manually on the spots with the dried fractions. Proper crystallization of the matrix was verified visually.
Mass spectrometry
Data acquisition and processing were generated and processed using Bruker rapifleX-TOF/TOF using compass for flex series 2.0 with standard methods. Spectra were acquired at positive reflector ion mode with an acceleration voltage of 20 kV. Eight thousand laser shots were accumulated per fraction in MS mode at a laser shot rate of 5 kHz, and 5000 shots were accumulated for every MS/MS spectrum with the same laser frequency. LC-MALDI datasets were imported in BioPharma Compass 2.0 (BPC 2.0) and peptides identified using in silico digestion of the sequences of the IgG2 LC and HC. The collection of identified peptides was then further processed in DisulfideDetect 1.2.2 (Bruker) for automatic identification and quantification of the DSB peptides in the LC-MALDI dataset.
Multiply disulfide-bonded peptides (i.e., hinge peptides) required manual matching of the data to the theoretical MWs of hinge peptides. Fractions containing mass spectral peaks matching the theoretical hinge peptide masses of the B form were interrogated again for mis-cleaved proteolytic products or putative reduced forms of the hinge peptide. MS/MS spectra from all possible precursors were matched with their theoretical structures by annotating typical MALDI-MS/MS quartet fragment ion patterns of disulfide-bonded peptides (Figure 9-11 ). This approach allowed the identification of large DSB-peptides that achieved lower sequence coverage by MS/MS.
